Chemical surface coatings not only provide a powerful barrier between metallic substrates and their surroundings but also impart desired surface performances to an underlying substrate. Chemical surface coatings not only provide a powerful barrier between metallic substrates and their surroundings but also impart desired surface performances to an underlying substrate. Recently, the increasing public concern with industrial finishing systems has driven many investigations on the functional modification, such as the use of special chemical additives in the treatment bath, pre-and post-processing, of chemical surface coatings. However, these methods are being phased out due to their possible high-cost or harmful effects. Controlled addition of inorganic nanoparticles, without poison and contamination, to the treatment bath has become a good alternative due to the on-demand properties, including enhanced corrosion resistance and mechanical and functional properties, triggered by nanoparticles. This study focuses on the applications of inorganic nanoparticles in various chemical surface coatings such as electroless plating, electroplating, silane, and chemical conversion coatings. The discussed inorganic nanoparticles include TiO 2 , SiO 2 , Al 2 O 3 , ZrO 2 , SiC, ZnO, CeO 2 , MoS 2 , and diamond and graphite nanoparticles. This review is also concerned with the dispersion methods of inorganic nanoparticles as well as the formation mechanism of nanocomposite coatings.
Introduction
Metallic materials are of great importance in the elds of national manufacturing and construction due to their combined desirable qualities, such as high-strength, workability, low-cost, and ability to be recycled, 1, 2 and are thereby suggested for a variety of applications such as in household equipment, automobile and aerospace components. 3, 4 However, their susceptibility to corrosion has become a leading cause of either failure or untness for application in engineering components, 2 thus both causing tremendous economic loss and posing a serious threat to national resources. Therefore, it is signicantly required to change the surface properties of metallic devices to prevent contact with severe environments and therefore protect the underlying metals from corrosive damage under the condition of reserving its original properties. The most cost-effective and simple technique involves a proper coating system on the surface of metallic substrates.
2,3,5-7
Numerous techniques, such as electrodeposition, 8, 9 electroless plating, 10,11 plasma thermal spraying, 12 chemical conversion coatings, 13, 14 gas phase deposition, 15, 16 (physical vapour deposition and chemical vapour deposition), ion implantation, 17 laser surface alloying, 18 and organic coatings, 19, 20 have been exploited to confer protective surface coatings to an underlying substrate. These coatings supply exciting properties to the underlying substrates via a variety of mechanisms, including the formation of an effective physical barrier to the penetration of corrodents, as an excellent base for both electrophoretic painting and powder coating, reducing wear on the machine elements and moving parts, and aid in the cold forming of steel. Moreover, the abovementioned coatings also offer the advantages of improved solderability, electrical conductivity, and decorative appearance. 3, [5] [6] [7] [21] [22] [23] Therefore, these treatments greatly contribute to the manufacturing as well as play a pivotal role in surface machining systems. Traditionally, many modications, such as pretreatments, post-treatments, and altering the compositions of the treatment bath, for surface coatings on the metallic substrates have been put forth over the decades. 5, 7, 24 However, these methods are being phased out due to their possible highcost or harmful effects. Controlled addition of inorganic nanoparticles, without poison and contamination, to the treatment bath has become a good alternative. Research on the production of nanocomposite coatings by the co-deposition of nanoparticles with the original coating has been widely investigated by numerous investigators in the past two decades mainly due to the fact that nanocomposite coatings can deliver various on-demand properties, including enhanced corrosion resistance, and mechanical and functional properties, to a treated surface. 5, 6, 25, 26 Thus, the application of inorganic nanoparticles in surface coating is able to open up exciting opportunities for the anticorrosive and multifunctional modication of protective surface coatings over many metals. This study summarizes the application of inorganic nanoparticles in various chemical surface coatings such as electroless plating, electroplating, silane and chemical conversion coatings. In view of the challenge of dispersing nanoparticles, this review is also concerned with the dispersion methods of inorganic nanoparticles as well as the formation mechanism of nanocomposite coatings.
Use of inorganic nanoparticles in chemical surface coatings
The earliest industrial application and basic role of a surface coating were only corrosion protection for metallic substrates due to the effective physical barrier provided by a surface coating.
7,27
Besides its efficiency against corrosion, another great concern about the use of a surface coating is its mechanical properties such as hardness, wear, and lubricity. When used in practice, a surface coating on a metallic substrate needs to be capable of resisting mechanical damages caused by impact, wear, and scratches.
22
Note that researchers have found that the incorporation of nanoparticles into a coating has become an alternative way to further improve the corrosion resistance and mechanical properties of the existing surface coating to keep up with the rapidly changing needs of certain special applications. 5, 6 In fact, the improvement in surface properties originates from the microstructure of a nanocomposite coating incorporated with well-dispersed nanoparticles; therefore, the effects of nanoparticles on various surface treatments, including electroless plating, electroplating, silane and chemical conversion coating, have been described in detail in the following sections.
Electroless plating
Electroless plating is an autocatalytic process in which the reduction of metallic ions and formation of a coating can be carried out via the oxidation of reducing agents in the treatment bath. 6, 28 Electroless plating has recently gained wide acceptance due to its excellent corrosion and wear resistance. and cobalt, 34 have been widely deposited as electroless coatings. These coatings have proven useful both in the computer and electronics industries for enhanced corrosion and wear resistance, solderability, as well as in a variety of space applications for improved electrical conductivity and optical reectance.
6,22
The industrial use of electroless Ni, especially the Ni-P alloy, 35, 36 has steadily grown during the last decade because of its unique properties such as good weldability, electrical conductivity, and uniform coating thickness. Although electroless Ni-P can serve many purposes, the quest for further improved mechanical properties, such as higher hardness, lubricity, and anti-wear properties, has led to the incorporation of many inorganic nanoparticles into the Ni-P coating.
6,28 These inorganic nanoparticles can be either hard or lubricant materials. Hard materials, such as Al 2 O 3 , TiO 2 , CeO 2 , and diamond, enhance the wear resistance since they can increase the hardness of the Ni-P coating. Lubricant materials, such as graphite and MoS 2 , have been used to decrease the friction coefficient of the electroless Ni-P and thus improve its wear resistance. The choice of nanoparticles depends on the specic property that is desired. 35, 37, 38 The general categories of inorganic nanoparticles applied to electroless Ni-P are summarized in Table 1 .
The microstructure of a nanocomposite coating is deeply affected by the incorporation of nanoparticles into the coating. Many studies have proven the benecial effect of nanoparticles in rening the crystal size, and then achieving a more compact coating. For instance, the presence of nano-SiC particles results in more and smaller spherical nodules in the electroless Ni-PSiC composite coating (Fig. 1 ). This may be interpreted as the nano-SiC particles provide more nucleation sites for Ni-P deposition or limit the lateral growth of the Ni-P coating. 47 Moreover, many studies have also revealed that this nanocomposite coating obtained by the controlled addition of nanoparticles into the treatment bath possesses less porosity than that of the conventional coatings, resulting in enhanced corrosion resistance. 28, 39, 41, 42, 45, 51 
Electroplating
Electroplating can produce a single metal and/or alloy as a coating on metallic substrates by use of the electrolytic principle with the purpose of improving the wear resistance, corrosion resistance, conductivity, and reective and aesthetic properties. 8, 9, 52 Electroplating has been shown to be useful in a number of applications, including the automotive, aerospace, and marine industries.
5,53 Since Fink and Prince rst reported the co-deposition of Cu and graphite for the self-lubricating surfaces in car engines, 27 nanocomposite electroplated coatings obtained via the co-deposition of nanoparticles with metals have received signicant attention owing to their enhanced mechanical properties, corrosion resistance, as well as the unique magnetic, catalytic, and optical properties compared to those of the traditional electroplating.
5,25,54 Among these, electroplated Ni and Ni alloy containing inorganic nanoparticles can be commonly seen due to the fact that there have been many reports on these in recent years. 9, 25, 53, [55] [56] [57] The most widely used nanoparticles in the electroplating of Ni are illustrated in Table 2 . Typically pyramid-like Ni nodules are formed on the surface of the electroplated Ni, as shown in Fig. 2a . Some large protrusions of $1 mm could be clearly seen in the inset of Fig. 2a and the surface is relatively rough and uneven. However, electroplated Ni-TiO 2 is much smoother, with relatively homogeneous Ni nodules of $400 nm in size on its surface (Fig. 2b ) and large clusters or protrusions almost disappear. 56 Moreover, nano-SiC particles were embedded in the nickel matrix and lled in the crevices, gaps, and micron holes, which improved the corrosion resistance of electroplating. 58 In addition, Xue et al. 59 observed an improvement in the hardness and wear resistance of electroplated Ni by the addition of nano-SiC particles, which is attributed to the grain-ning and dispersive strengthening effect. Consistent results were obtained by García-Lecina et al. 60 on an Ni-Al 2 O 3 composite coating where they proposed that the presence of ne, well-dispersed nanoAl 2 O 3 particles in the Ni matrix would act as strong obstacles for the dislocation movement.
Organic silane coatings
Organic silane coatings can act as environmentally friendly coatings on the underlying metals for improving the corrosion and wear resistance, decoration, and surface pretreatment before painting.
20,70 When a metal is dipped into a silane bath for a few seconds, silanols (SiOH) in the bath spontaneously adsorb on the metal surface via hydrogen bonds. Upon drying, two key condensation reactions occur at the bath-metal interface. SiOH groups and metal hydroxyls (MeOH) from the metal surface form covalent metallo-siloxane bonds (MeOSi) according to the following reaction:
The excess SiOH groups adsorbed on the metal can also condense among themselves to form a siloxane (SiOSi) coating.
The as-formed MeOSi and SiOSi covalent bonds are assumed to be responsible for the excellent bonding of the silane coatings to the metal substrates.
70
However, the corrosion resistance of the conventional silane coating is far from satisfactory due to both its limited thickness (typical hundreds of nanometers) and low coverage on the underlying substrate.
71,72 Nowadays, many efforts are being made to further improve the performance of silane coatings. Inorganic nanoparticles, such as SiO 2 , TiO 2 , and CeO 2 , as shown in Table 3 , have been added to the silane bath to produce nanocomposite coatings. For instance, the nano-TiO 2 particles incorporated silane coating presents a better performance for corrosion protection due to the formation of a thicker coating and enhanced barrier properties. 73 Suegama 74 revealed that nano-SiO 2 particles not only promote an increase in the 71 studied a novel silaneTiO 2 bifunctional hybrid coating on stainless steel. In their study, nano-TiO 2 particles not only facilitated the deposition of silane, but also enhanced the photocathode protection to the substrate under ultraviolet irradiation. This hybrid coating combined the photocatalysis of TiO 2 with the protectiveness of the silane coating, which displayed the wider practical prospect of this surface treatment. On the other hand, the silane coating with nano-SiO 2 presented a higher contact angle value, indicating that higher hydrophobic surface is able to provide greater protection to the carbon steel substrate. 72, 74 This hydrophobic surface has recently attracted extensive interest in both fundamental research and potential applications due to its unique water repellency, self-cleaning, anti-corrosion, and anti-icing properties. It is desirable to seek and utilize the enhanced functional properties of this nanocomposite coating in industry.
Chemical conversion coatings
Chemical conversion coating, which is adherent, insoluble, crystalline or amorphous and typically used to provide corrosion protection and a good paint-base to an underlying metal, on a metallic substrate as a supercial layer can be produced via chemical and electrochemical interactions. 79,81-83 However, the major drawback of MCC coatings is the presence of pores and cracks, which lead to serious deterioration of this coating. Typically, an MCC coating presented a network feature, and there were many microcracks on the coating's surface (Fig. 3a) , whereas there were few networklike cracks on the surface of the MCC-SiO 2 composite coating (Fig. 3b) . It is evident that the nano-SiO 2 particles are uniformly distributed in the MCC coating, as observed in the inset of Fig. 3b . The presence of nano-SiO 2 acts as inert physical barriers to the initiation and development of defect corrosion of the coating, which prevent the electrolyte from penetrating into the substrate, thus improving the corrosion resistance of the resulting MCC-SiO 2 composite coating. 
7,85
Over the last few decades, PCC coatings have played a signi-cant role in the automobile, process, and appliance industries owing to their low-cost, high-speed of operation, and good ability to afford excellent corrosion resistance, wear resistance, adhesion, and lubricative properties. 21 However, PCC coatings have failed to satisfy certain harsh industrial requirements due to the presence of intrinsic micropores between phosphate crystals. In recent years, nanocomposite PCC coatings obtained by the controlled addition of inorganic nanoparticles to the bath have been studied since these composite coatings can bring about the benets of improved anticorrosion properties Table 4 . Similarly, the microstructure of nanocomposite PCC coatings is affected by the incorporation of nanoparticles into the coating. For instance, the PCC-SiO 2 composite coating (Fig. 4b) presents a compact and ne-crystalline microstructure compared to the traditional PCC coating (Fig. 4a) . 90 The reason for this is as follows: nanoparticles act as nucleation agents owing to their particular surface activity and tend to be easily deposited on the metallic substrate surface. Thus, the presence of nanoparticles effectively reduces the activation energy during the formation of a new phase, which is benecial for the formation of a PCC coating and increases the primary crystals. More primary crystals result in a denser morphology with ner crystals.
87,91 Accordingly, the compact and ne-crystalline microstructure effectively facilitates the enhancement of the corrosion resistance of the PCCSiO 2 composite coating. Additionally, nanoparticles, including Al 2 O 3 , SiO 2 , TiO 2 , and ZnO, incorporated PCC coatings exhibit a higher coating weight, greater surface coverage, and enhanced corrosion resistance than normal PCC coatings. [86] [87] [88] [89] However, there is currently no proof for the effect of nanoparticles on the mechanical properties of chemical conversion coatings. This may be due to the developmental delay in the use of nanoparticles in the chemical conversion coatings. However, we are sure that over time, related studies will soon be reported in the future.
Dispersion methods of inorganic nanoparticles
Generally, for the production of nanocomposite coatings by the incorporation of nanoparticles into the original coating, nanoparticles are directly added into the treatment bath. It is well known that nanoparticles with a large surface area and high surface free energy tend to agglomerate in the treatment bath. In fact, the dispersion of nanoparticles in the bath plays a major role in the coating structure and performances. The agglomeration of nanoparticles bestows poor properties to the nanocomposite coatings. 28 Hence, how to improve the dispersion of nanoparticles has become a crucial challenge. Attempts, such as mechanical stirring, ultrasonic vibration, and the addition of surfactants, as well as the use of a magnetic eld, to achieve good dispersion of nanoparticles have been made by many researchers. A detailed discussion of these methods is as follows.
Mechanical stirring
Nowadays, mechanical stirring usually refers to magnetic stirring, which is the most common and direct method. For solid nanoparticles, when they are added to a solution, magnetic stirring is generally adopted to achieve preliminary dispersion through the transverse or longitudinal shear force generated by stirring. 38, 53, 92 Among all the dispersion methods, this is the easiest method for the dispersion of nanoparticles in the treatment solution. However, the shortcoming of this method is that the reaggregation of nanoparticles occurs due to the presence of van der Waals forces once stirring is suspended. 
Ultrasonic irradiation (UI)
Ultrasonic irradiation (UI) for the dispersion of nanoparticles has been widely employed due to the unique feature that acoustic cavitation presents with the use of UI in solution. 5, 13, 93, 94 The cavitation bubbles can produce instantaneous high pressure and strong shock waves like a series of small explosions, which weaken the interactions between the nanoparticles, resulting in the effective and even dispersion of the nanoparticles, as shown in Fig. 5 . 95 Many studies have indicated that the implementation of UI in surface treatments involving nanoparticles can bring about numerous benets, not only as a tool to enhance the dispersion of nanoparticles in the treatment bath, but also to improve the incorporation of dispersed nanoparticles into a surface coating. Nanocomposite coatings under UI show a further enhancement in the corrosion resistance and mechanical properties such as hardness and wear resistance. In our previous study, it was demonstrated that UI is benecial for the uniform distribution of Al 2 O 3 particles in the PCC coatings. 92 Qu et al. 96 also reported that the introduction of UI resulted in diminished agglomeration of the Al 2 O 3 nanowhiskers incorporated in plated coatings and led to a sharp increase in the microhardness of nanocomposite coatings. Similarly, Habib et al. 28 dispersed diamond nanoparticles in the electroless bath by UI to not only overcome nanoparticle agglomeration but also to promote the diamond incorporation into the coating. From the abovementioned discussion, it can be clearly seen that UI can be extremely efficient and is applicable to a broad range of resulting nanocomposite coatings.
Surfactant addition
The dispersion of nanoparticles is a balance process of dispersion and occulation. To some extent, physical stirring can achieve the dispersion of nanoparticles in liquid media, but reaggregation will happen due to the presence of van der Waals forces between the nanoparticles once physical stirring is suspended. 5, 25, 52 Surfactants are oen utilized in suspension systems, where they are responsible for the uniformity and stability of the suspension. The theory is that surfactants can change the surface nature of the nanoparticles and thus alter the interaction between the nanoparticles and nanoparticles or liquid medium via a chemical method through adsorption on the nanoparticle surface, which not only improves the strong repulsive force between the nanoparticles but also effectively restrains reaggregation. 11, 46 Recently, surfactants have been widely used in electroplating and electroless plating. For instance, Chen et al. 52 reported that the addition of the surfactant hexadecylpyridinium bromide in the plating bath improved the amount of co-deposited Al 2 O 3 particles, reduced the agglomeration of particles, and achieved a more uniform distribution of Al 2 O 3 particles in the Ni matrix. Moreover, K. Zielińska 46 investigated the inuence of cationic, anionic, and nonionic surfactants on the electroless process and indicated that the surfactant type has a signicant effect on this process. However, the use of surfactants in silane and chemical conversion coatings is relatively rare, which is possibly due to the disturbance caused by surfactants during the formation of the coating.
Magnetic eld
In a sense, it is a novel method to use a magnetic eld to directly achieve a good dispersion of nanoparticles. At present, there is only one report stating that the presence of a magnetic eld reduces the tendency for Al 2 O 3 nanoparticle sedimentation in the PCC bath and favors the embedding of Al 2 O 3 nanoparticles in the coating, as shown in Fig. 6 . Results showed that the dispersibility of the nano-Al 2 O 3 particles in the treatment bath greatly differed in the presence and absence of a magnetic eld, where the nano-Al 2 O 3 was welldispersed in the former but most of the nano-Al 2 O 3 agglomerated and sedimented in the latter. Further, nano-Al 2 O 3 was observed in the conversion coating in the presence of a magnetic eld (Fig. 6a) . However, no nano-Al 2 O 3 was detected in the absence of a magnetic eld (Fig. 6b) . This effect is attributed to the fact that there were scarcely any nano-Al 2 O 3 particles that reached the substrate surface during the formation of the coating because of strong sedimentation. 86 Moreover, the utility of a magnetic eld as a control measure in certain chemical conversion processes has been investigated. Some researchers [97] [98] [99] [100] have reported that the application of an external magnetic eld could improve the quality of chemical conversion coatings because there is strong, localized convection arising from the micro magnetohydrodynamic effect. Briey, this method can not only improve the dispersion of nanoparticles, but also benet the quality of matrix coatings and is therefore considered to be a promising approach.
Sol solution addition
The abovementioned methods, including mechanical stirring, ultrasonic vibration, and surfactants addition, are oen used to help maintain the separation of nanoparticles in the solution. To some extent, these methods may reduce the tendency of nanoparticle agglomeration, but are unable to achieve good dispersion drastically due to the large surface area and high surface energy of nanoparticles themselves. However, Chen et al. 44 developed a novel technique of sol-gel enhanced electroless plating to prepare highly dispersive nano-TiO 2 reinforced coating for improving the microhardness and wear resistance. A transparent sol solution containing desirable TiO 2 was directly added to the electroless bath at a controlled speed. Subsequently, nano-TiO 2 was formed in situ and co-deposited with metals to form a Ni-PTiO 2 composite coating. Similarly, the sol-enhanced Ni-TiO 2 composite electroplating coating possessed a smooth surface and compact microstructure and showed higher mechanical properties compared with the traditional composite coatings, which resulted from the highly dispersed TiO 2 nanoparticles. Moreover, the in situ formation of ne TiO 2 nanoparticles changed the electrochemical behavior and polarization mechanism, avoiding the loose and dendritic surface structure at higher current deposition. 56, 69 In our laboratory, the PCC-SiO 2 composite coating prepared in a PCC bath with the addition of 100 mL L À1 SiO 2 -sol possessed a compact, uniform, and ne-crystal microstructure, as well as enhanced corrosion resistance, showing that the introduction of SiO 2 -sol into the PCC bath drastically avoids the agglomeration of nano-SiO 2 and causes the coating to have smooth crystal surfaces.
90
The alternative technique of introducing nanoparticles into the bath can effectively avoid the agglomeration of nanoparticles and thus signicantly improve the dispersion strengthening effect.
55,101
It is suggested that this novel processing concept can be exploited in many other nanocomposite coating systems and thereby can broaden the application prospect of nanoparticles in surface coatings. 
Mechanism
Most of the studies reported in the literature have mainly focused on the production and characterization, including those of the microstructure, corrosion resistance, and mechanical properties, of nanocomposite coatings. Other than this, it is more signicant to understand how nanoparticles may affect the formation of nanocomposite coatings. The mechanism of the formation of nanocomposite electrochemical coatings (including electroplating and electroless plating) has been investigated since the 1960s and three main steps have been dened as follows: (i) electrophoretic movement of positively charged particles to the cathode, (ii) adsorption of particles at the electrode surface by van der Waals forces, and (iii) mechanical inclusion of particles into the coating layer. 11, 67, 69 In fact, nanoparticles are inert and cannot participate in chemical reactions during the coating formation, whereas they can affect the formation process. Generally, nanoparticles with high surface activity and high surface energy can be easily absorbed by some other objects and thus affect the reaction process. This effect on the formation of different coatings has different reaction mechanisms. For this, a schematic for the formation processes of nanocomposite coatings prepared in the treatment baths with controlled addition of nanoparticles is preliminary presented, as seen in Fig. 7 . Some of the possible reaction processes of the nanocomposite coatings are depicted as follows.
Suspension in the treatment bath
With the immersion of nanoparticles into the treatment bath, they are dispersed in the bath through some effective dispersion methods to form a suspension system. Generally, the nanoparticles in the chemical conversion bath are relatively stable before the anions and cations in the bath reach saturation at the initial stage. 7, 24 However, the nanoparticles-adsorbed metal ionic cloud (referred to as the particle-metal ionic cloud) is formed as soon as the particles are introduced into the plating bath containing an abundance of metal ions, 67, 69 as shown in Fig. 7a. 
Adsorption on the substrate surface
In Fig. 7b , the nanoparticles themselves with both high surface activity and large specic area are immediately physically adsorbed on the freshly deposited surface in the chemical conversion treatment bath due to the dynamic eld 102 by the dispersion methods and Brownian motion 5 of the nanoparticles in the bath, which can provide more nucleation sites for the primary deposition of insoluble salts and effectively reduce the activation energy during the formation of a new phase. On the other hand, the particle-metal ionic clouds in the plating bath are easily adsorbed on the underlying substrate during electrochemical treatments. According to reports, 11,69 these particlemetal ionic clouds are transported to the hydrodynamic boundary layer under the action of forced convection, migrated across the layer, and then conveyed by diffusion to the cathode.
Formation of nanocomposite coatings
Regarding chemical conversion coatings, when anions and metal cations in the bath reach saturation, deposition or crystallization of insoluble salts with nanoparticles as core is achieved, and then the grains quickly grow to form bigger crystals. Finally, many crystals increasingly pack, and nally, a complete and dense coating on the surface is formed. 7, 24, 87 As for electrochemical coatings, aer the clouds are entirely or partly reduced, the particles are irreversibly deposited and incorporated into the metal matrix as the metal ions are discharged with reduction reactions, 11, 69 as shown in Fig. 7c . Note that an excess amount of nanoparticles in the treatment bath will have an adverse effect on the formation of the nanocomposite coating because excessive nanoparticles may seal the substrate surface by agglomeration, thus restraining the initial reactions in the formation of the coating.
Conclusions
The introduction of inorganic nanoparticles into the surface treatments, such as electroless plating, electroplating, silane and chemical conversion coatings, has been reviewed. The discussed inorganic nanoparticles, including TiO 2 , SiO 2 , Al 2 O 3 , ZrO 2 , SiC, ZnO, CeO 2 , MoS 2 , and diamond and graphite nanoparticles, not only improve the corrosion resistance and mechanical properties, but also enhance the functional properties, such as photocathode protection and hydrophobicity, of surface coatings. Moreover, this review summarizes the dispersion methods of nanoparticles, including mechanical stirring, ultrasonic vibration, surfactant addition, magnetic eld, as well as sol solution addition, which play a major role in the coating structure and performance. It is concluded that these modications for surface coatings will be increasingly welcomed considering the indubitable role of surface coatings in the automotive and aerospace elds. However, it must be pointed out that the content of nanoparticles in the treatment bath is extremely strict and the optimal content range is determined by sufficient repeated experiments in practice. It is desirable to make full use of inorganic nanoparticles with optimal contents and proper dispersion methods in surface treatments to meet the expanding industrial requirements.
